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A B S T R A C T
We investigated predation from an ambush predator (shorthorn sculpin) and two cruising predators (Atlantic
cod and saithe) on bottom-settled 0-group cod and saithe juveniles in a fjord in northern Norway. Stomach
contents of potential fish predators caught by gill net in shallow waters (depth of 3–10 m) during September in
2013–2015 were analysed. The frequency of occurrence (FO) of 0-group gadoid prey was highest for shorthorn
sculpin (FO = 10%) and cod (FO = 9%), while it was lower for saithe (FO = 0.8%). Each predatory fish species
had different alternative prey to 0-group gadoids: shrimps for cod; sandeels for saithe; and Brachura/Anomura
for shorthorn sculpin. Amongst the fish predators, shorthorn sculpin had the highest catch rates in gill nets. The
mean number of 0-group cod and saithe in shorthorn sculpin stomachs increased with increasing abundance of
prey as measured by beach seine hauls.
Predation mortality from shorthorn sculpin was estimated based on abundance of shorthorn sculpins, number
of 0-group cod and saithe juveniles in predator stomachs, prey recognition times and abundance of 0-group cod
and saithe. The average predation mortality rate from shorthorn sculpin on 0-group gadoid juveniles varied from
0.40 to 1.14 month−1 between years and the pooled estimate from 2013 to 2015 was 0.70 month−1 (95%CI:
0.30, 1.73). This is comparable to mortality rates from other studies on newly-settled 0-group Atlantic cod, other
gadoid species and plaice. Based on gill-net catches and stomach data from this study and literature values for
gill-net catching area, calculated predation mortalities from the cruising cod and saithe were less than 47% of
the sculpin predation mortality rates. This show that predation mortality from the ambush sculpin predator was
much higher than from the cruising Atlantic cod and saithe.
1. Introduction
Two groups of Atlantic cod (Gadus morhua), Coastal cod and
Northeast Arctic cod are present along the coast of Norway (Jakobsen,
1987). In contrast to the Northeast Arctic cod, all stages of Coastal cod
are present along the coast year-round. The Coastal cod stocks north of
62o N decreased in the mid-1990s due to reduced recruitment, and
attempts to rebuild the stocks have so far proved unsuccessful. The two
cod groups differ markedly in their early life history (Loken et al., 1994;
Fevolden et al., 2012). While Northeast Arctic cod juveniles settle at the
bottom in deep water (200–300 m) in late autumn of their first year of
life, Coastal cod juveniles settle near the shore in late summer (Loken
et al., 1994; Fevolden et al., 2012). Small pelagic saithe juveniles drift
into the same settlement areas as those used by Coastal cod (Olsen
et al., 2010). Saithe spend their first 1–4 years in inshore and coastal
waters (Olsen et al., 2010).
Reduced survival in the early life stages has been regarded as the
main reason for lack of Coastal cod recovery (ICES, 2018), but the
understanding of the mechanisms underlying recruitment variability in
both Coastal cod and northeast Arctic saithe is sparse. Predation causes
a fast decline in marine fish egg and larvae abundance (Bailey and
Houde, 1989), but there is increasing evidence that determination of
year-class strength might also be shifted towards the juvenile stages
(Sissenweine, 1984; Lough, 2010; Laurel et al., 2017). High mortality
rates characterize the transition from the pelagic habitat to life on the
bottom and post-settlement mortality may contribute both to recruit-
ment variability and to density-dependent regulation of recruitment
(Beverton and Iles, 1992; Bailey, 1994; Temming et al., 2007). Small
bottom-settled juvenile fish are exposed to a suite of predators in-
cluding both cruising and resident ambush fish predators, invertebrate
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predators, birds and mammals (Bailey, 1994; Hixon and Carr, 1997;
Larsen and Pedersen, 2002).
The shorthorn sculpin (Myoxocephalus scorpius, Cottidae family) is a
common ambush predator in shallow waters and occurs both in the
northern part of the Atlantic and in the Arctic ocean (Luksenburg and
Pedersen, 2002; Laurel and Brown, 2006; Gray et al., 2017). Along the
Norwegian coast, the shorthorn sculpin is a resident species distributed
mainly in shallow coastal areas (Luksenburg and Pedersen, 2002), and
spatially it overlaps with newly-settled juvenile Coastal cod and saithe
(Lie, 1961; Larsen and Pedersen, 2002; Fevolden et al., 2012). The
shorthorn sculpin has a sit-and-wait predation strategy (Laurel and
Brown, 2006), and in northern marine shallow-water habitats, cottid
predation on settled 0-group gadoids is common (Tupper and Boutilier,
1995; Larsen and Pedersen, 2002). Larger cod and saithe are also
common in the coastal zone and are defined as cruising predators on
small fish. Saithe are a potential predator on 0-group gadoids and
cannibalism from cod is generally common in cod stocks (Pedersen and
Pope, 2003; Aas, 2007). Predation mortality on early stages of fish may
depend on the abundance of alternative prey (Hallfredsson and
Pedersen, 2009), but it is unknown which groups may be alternative
prey for the various predators on settled 0-group gadoids.
Cruising predators who may aggregate and target post-settled ju-
venile fish may play a different role than resident ambush predators in
shaping recruitment patterns, and the two suites of predators might also
reinforce each other's efficiencies as well as cause a density-dependent
juvenile mortality pattern when they operate in concert (Hixon and
Carr, 1997; Auster et al., 2009). Despite the rapid digestion rates for
fish larvae and small juveniles, quantification of predation mortality
based on predator stomach analysis and predator abundance have given
valuable information regarding predator importance (Temming et al.,
2007; Hallfredsson and Pedersen, 2009).
The study took place in Porsangerfjord, northern Norway (Fig. 1),
and the main objective was to compare predation mortality from the
ambush predator shorthorn sculpin and the two cruising predators
Atlantic cod and saithe. The specific objectives were to: (i) identify the
diet and predatory role of cruising and ambush predators on 0-group
settled cod and saithe; ii) identify alternative prey other than 0-group
cod and saithe; and (iii) quantify and compare predation mortality rates
from shorthorn sculpin, Atlantic cod and saithe on 0-group cod and
saithe. The main approach in this study was to sample predators by gill
nets and analyse their stomach contents, estimate sculpin abundance
from a mark-recapture experiment and sculpin digestion rates from an
experimental set up. Uncertainty in mortality rates was assessed by
Monte Carlo simulation (Efron and Tibshirani, 1993), based on re-
sampling from distributions of input values.
2. Materials and methods
2.1. Gill net sampling and stomach analysis
The study area in Porsangerfjord has slightly sloping bottom with
mixed sand, gravel, stone, and rock bottom partially covered with the
kelp species Saccharina latissima and Alaria esculenta, and lower abun-
dances of other seaweed species (Fig. 1). To catch potential predatory
fish, test fishing was conducted with multi-mesh gill nets that were
30 m long and 1.5 m deep and were set at the bottom. Each net was
divided into 2.5 m panels with mesh sizes of 43.0, 19.5, 6.25, 10.0,
55.0, 8.0, 12.5, 24.0, 15.5, 5.0, 35.0 and 29.0 mm. This net design is
often referred to as a NORDIC gill net (Appelberg et al., 1995). Fishing
took place between 3 and 26 September. Six locations were fished three
times at approximately weekly intervals (± two days to allow for poor
weather) (Fig. 1). At each location and week, the nets were set at
slightly different positions (200–1100 m apart). Thus, 18 sets were
sampled each year. The nets were deployed perpendicular to the
shoreline at depths of 3 to 10 m and were set between 9 and 11 a.m. one
day and hauled during the same time period the next day. Nets were
emptied at the laboratory in Holmfjord situated at B3 in Fig. 1 and fish
were dissected, weighed and measured. Time from capture to stomach
dissection was less than 6 h.
Fish caught by gill nets were weighed (+/− 0.1 g precision) and
total lengths (cm) were measured for all fish except for fish caught in
2013 where lengths were measured only for predators. The stomachs of
all fish except the smallest specimens (< 10 cm in length) were opened
and inspected. Individual fish were defined as predators if they had
identifiable remains of fish in their stomachs. All stomachs were used in
the calculations of frequency of occurrence of prey. Prey was assigned
to a species only when a clear visual identification could be made
(SM2).
All fish were opened with a scalpel and the stomach contents were
visually inspected. Net-caught cod and saithe smaller than 15 cm (0-
group) were opened to investigate if their stomachs contained fish but
were not investigated for other prey. Cod and saithe prey could some-
times be identified to species level when they were in a low state of
digestion, but more digested preys were very difficult to identify to
species and they were grouped as 0-group cod/saithe. Otoliths in cod
and saithe less than 10 cm long are very similar and were not used to
identify species. No cod/saithe in the stomachs were longer than 15 cm,
and they were thus designated “0-group”. Arctic lyre crabs, red king
crabs and hermit crabs (Brachyura and Anomura) were grouped as
“crab”.
Other prey items identified in predator stomachs were categorized
as “snail/mussel”, “amphipod−/isopod”, “krill”, “shrimp”, “fish”,
“sandeel”, “undefined”. Empty stomachs were categorized as “empty”.
“Sandeel” was treated as a separate category because it was very
common in saithe stomachs, and 0-group cod/saithe were pooled with
other fish prey species – identified as well as unidentified ones – when
presented in the figures. While stomachs were only investigated for fish
prey in 2013, a more comprehensive analysis that allocated prey to the
categories described above was conducted in 2014 and 2015.
Frequency of occurrence (FO) was calculated on pooled samples as
the number of occurrences of a prey category divided by the number of
stomachs inspected (including empty stomachs) for each predator
species, multiplied by 100. Statistical analyses (Chi-square test with
continuity correction) were performed in R (R Development Core Team
2013).
2.2. Overview of major steps in estimation of predation mortality rate
The estimation of predation mortality rate on cod and saithe 0-
group juveniles from sculpins was carried out in three main steps (s1-
s3) using four major data sets (A-D) (Fig. 2, Table 1). The abundances of
0-group prey and sculpin predators were calculated per m shoreline
within the 0–15 m depth range, as both the 0-group juveniles and
sculpins are mainly distributed close to the shore down to a depth of
about 15 m. The main calculation steps were: (s1) estimation of the
abundance (ind. m−2) of sculpins from numbers caught per gill net
(CPUEs) and estimated gill net catching area (q, m2) from mark-re-
capture experiments; (s2) estimating the number of 0-group juveniles
consumed by sculpins per unit time from mean stomach content (MSC)
from gill net-caught sculpins and average digestion time (A50) from
experiments; and (s3) estimating the predation mortality rate from
number consumed per unit time and abundance of 0-group cod and
saithe from beach seine hauls.
2.3. Estimating sculpin abundance from gill-net catches and effective
catching area (s1)
To calculate population densities of sculpins from CPUE data from
the predator-prey gill net sampling in 2013–2015, the effective sam-
pling area q (catchability coefficient) of the gill nets was estimated by a
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mark-recapture experiment. Shorthorn sculpins have low movement
rates and typically move within home ranges of less than 10,000 m2
(Ivanova et al., 2018).
2.3.1. Mark-recapture experiment (data set B)
To estimate the gill-net catching area (q), a mark-recapture ex-
periment was carried out in two locations – Holmfjord (M1) and Reinøy
(M2) – over the period 15–23 August 2016 (Fig. 1). Sculpins were
caught by gill nets, length-measured and marked with individually
numbered Hallprint T-bar tags and released back into the same location
from which they were caught. A total of 338 individuals were caught
and 169 individuals were marked. A total of 26 sculpins were re-
captured in the two areas during the four days of scientific fishing
following the first day of fishing and tagging (Table SM1). The POPAN
formulation of the Jolly-Seber mark-recapture method was applied
(Schwarz and Arnason, 1996), and the number of individuals was es-
timated using the program MARK (White and Burnham, 1999). This
method estimates abundances (Nsar) in the mark-recapture areas at the
start of sampling. The sizes of each of the mark-recapture areas (Ar, m2)
were estimated as the area with a depth of 0 to 15 m from digital maps.
The densities (Nsm, ind. m−2) in the mark-recapture areas were calcu-
lated:
=N N /Arsm sar (1)
The catch per gill net per day (type NORDIC) for the first sampling
day (16 August 2016) of the mark-recapture experiment, when three
nets were set in each area, was used as the CPUEar estimate since later
in the week we also used other types of gill net. The effective catching
area per gill net per day (q, m2 gill net−1 day−1) was then calculated as.
=q CPUE /Nar sm (2)
2.3.2. Estimating sculpin density from gill-net CPUE (data set A)
The average density of sculpins in the 0 to 15 m depth range (Ns,
Fig. 1. Gill net sampling locations (G1-G6), the beach seine haul locations (B1-B4) and the locations for mark-recapture experiments (M1 and M2) in
Porsangerfjorden during August–September 2013–2015. Gill nets were deployed three times within each location each year and distance between sampling sites (▼)
varied from approximately 250–1100 m.
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ind. m−2) was calculated from the number caught per gill net per day
(CPUEs), from the predator-prey sampling, and from the effective
catching area q (m2) of the gill nets obtained above from the mark-
recapture experiment:
=N CPUE /qs s (3)
The average abundance of sculpins per m shoreline in the 0–15 m
depth range (Ns0–15, ind. m−1) is:
=N N Ds0–15 s 0–15 (4)
where D0–15 is the average distance from the shoreline to a depth of
15 m at the gill net stations measured as 123.5 m from digital maps.
2.4. Estimating the number of 0-group cod and saithe consumed per day
(s2)
The estimation of number of juveniles consumed required data on
mean number of juveniles per predator stomach (MSC) from Data Set A
and prey recognition time from Data Set C (Fig. 2).
2.4.1. Digestion rate and prey recognition experiment (data set C)
Shorthorn sculpins were caught by gill nets and distributed in-
dividually to 20 small round tanks with a 1–2 cm layer of gravel cov-
ering the bottom. Each tank was supplied with approximately 2 l min−1
of ambient seawater pumped from a depth of 3–4 m. Tanks were 60 cm
in diameter and 60 cm deep. Two experiments were conducted in 2014,
one starting 9 October and lasting for 72 h and the second one starting
Fig. 2. Overview of major steps (s1-s3, solid lines and arrows) in calculation of predation mortality from shorthorn sculpin on 0-group cod and saithe juveniles and
the four data sets (A-D, with dotted lines and arrows) that provide data inputs to the calculation. Equation numbers are given in brackets.
Table 1
Overview of variables, abbreviations and units. 0-group fish is the number of saithe and cod 0-group juveniles.
Explanation of variable Variable abbrev. Unit
(s1) Estimating sculpin abundance
Estimating gill net catching area from mark-recapture experiments
Number of sculpins in mark-recapture area Nsar ind.
Area of mark-recapture experiment Ar m2
Density of sculpins in mark-recapture area Nsm ind. m−2
Sculpin catch per gill net in mark-recapture area CPUEar ind. Net−1 *day−1
Effective catching area of each gill net set q m2
Estimating sculpin abundance from gill net CPUE
Catch of sculpins per gill net per day CPUEs net−1 *day−1
Density of sculpins in 0–15 m depth range Ns ind. m−2
Average distance from shore to 15 m depth D0–15 m
Abundance of sculpins per m shoreline in depth range 0–15 m Ns0–15 ind. m−1
(s2) Estimating number of 0-group fish predated per day
Mean number of 0-group fish per sculpin stomach MSC ind. Stomach−1
Average time for 50% probability of prey recognition A50 h
Number of 0-group fish predated per day and m shoreline np0–15 day−1 m−1
(s3) Estimating predation mortality rate
Average number of 0-group fish per beach seine haul Nh ind. Per haul
Along-shore distance covered by one beach seine haul Dh1 m
Distance from the shore covered by one beach seine haul Dh2 m
Average distance from shore to 15 m depth D0–15 m
Density of 0-group fish per m shoreline, depth range 0–3 m Nj0–3 ind. m−1
Density of 0-group fish per m shoreline, depth range 0–15 m Nj0–15 ind. m−1
Instantaneous predation mortality rate per day Zd day−1
Instantaneous predation mortality rate per month Zm month−1
Monthly survival in % Sm % month−1
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on 20 November and lasting for 96 h. 0-group saithe caught by beach
seine in September were killed and kept frozen at −18 °C. One thawed
0-group saithe was presented to each individually-kept sculpin. The
sculpins were fed pieces of herring fillet prior to experiment startup and
were starved for 7 and 17 days prior to the start of the first and second
experiments respectively. In the first experiment, sculpins took up to
12 h to ingest the juvenile offered, and on several occasions the juve-
niles had to be moved carefully around with a thin stick to simulate
prey movement and stimulate attack. Only 12 sculpins accepted the
prey and were used in the experiment.
In Experiment 2, 15 sculpins ingested the juveniles immediately on
presentation and were used in the experiment. Average temperature
was 5.4 °C (SD = 0.12) during the first experiment and 3.0 (SD = 0.09)
°C during the second experiment. The sculpins held at 5.4 °C were
sampled at 12, 24, 48 and 72 h, while the sculpins held at 3 °C were
sampled at 24, 48, 72 and 96 h. Sculpins used in the digestion experi-
ments ranged in length and weight from 17 to 28 cm and 77 to 480 g
and saithe prey had lengths from 4.9 to 13.6 cm and weights from 8.5 to
11.5 g.
In Experiment 2, photos of prey after stomach dissection were used
to determine whether the prey could be recognized as a 0-group cod or
saithe when analysing stomach data from the field. The average time
for 50% probability of prey recognition (A50, hours) was estimated by
logistical regression in R (glm procedure with logit link function). The
prey recognition states (1 for recognizable prey and 0 for unrecogniz-
able prey) from Experiment 2 were used as dependent variables and
time since feeding was the independent variable. Before calculating
prey consumption from the field data the estimate for A50 was adjusted
to the ambient temperature conditions measured in Porsangerfjord at
the time of field sampling by using a temperature coefficient of 0.078o
C−1 estimated for whiting (Q10 = 2.18) (Andersen, 1999). Tempera-
ture values from the field were interpolated as the average temperature
in the 2–15 m depth range measured by vertical CTD profiles from two
hydrographical stations in Porsangerfjorden before and after the gill net
sampling (Mankettikkara, unpublished obs.).
2.4.2. Estimation of number consumed per unit time from field data
The number of saithe and cod 0-group juveniles predated by
shorthorn sculpin per day and shoreline distance (np0–15, day−1*m−1)
was calculated (according to (Olson and Boggs, 1986) as:
=n N (MSC/A ) 24p0–15 s0–15 50 (5)
where MSC is the mean number of 0-group cod and saithe per sculpin
stomach from the predator-prey gill net sampling and A50 is the time (h)
for 50% probability of prey recognition estimated from the digestion
rate experiments. To convert the units in Eq. (5) from per hour to per
day, it was multiplied by 24 h*day−1.
2.5. Estimating the predation mortality rate (s3)
The predation mortality rate was estimated from number consumed
per unit time (s2) and abundance of 0-group cod and saithe from beach
seine hauls (Data Set D) (Fig. 2).
2.5.1. Abundance of 0-group cod and saithe from beach seine hauls (data
set D)
A total of four locations were sampled with duplicate hauls each
year during the period 2013–2015 (Fig. 1). In all of the years, the hauls
were taken during the period 20–24 August. Locations with large rocks
and steep areas covered by bedrock with kelp beds with a slope > 25%
were avoided since it was not possible to operate the beach seine there.
Areas with a very shallow slope (< 10%) with homogenous sand or
mud bottom substrates were also avoided since it was impossible to
launch the beach seine from an inflatable boat there.
The beach seine was 39 m long and 2.8 m high at the middle. The
mesh sizes were 10 mm in the outer 15 m panels, 5 mm in the inner
central part and 7 mm in the cod-end. At the ends, the seine was 1.0 m
high. Two 25 m-long ropes were connected to each end of the seine. The
seine was launched from an inflatable boat and set in a semicircle with
the middle part of the seine at a depth of about 3 m. Maximum depths
ranged from approximately 1.5 to 4 m between locations. About 20 m
of the ropes were set and each haul enclosed an area of about 450 m2.
The first rope of the seine for the second haul at each location started at
the point where the last rope of the seine for the first haul ended. Beach
seine hauls were not taken in the hour of maximum tide. At each lo-
cation, duplicate hauls were taken, and each haul lasted for about 40
mins on average. There was no significant difference in 0-group number
caught between the first and second haul (Sign test, p = .77).
The start position of each haul was recorded using GPS, and the time
of starting the haul was noted. From each haul, animals were identified
to species level and counted, and total length measurements (mm) were
taken for all fishes. The distance Dh1 (m) along the shore covered by one
haul was on average 15 m, and the number of 0-group fish per m
shoreline within the 0–3 m depth range (Nj0–3) was calculated as:
=N N /Dj0–3 h h1 (6)
where Nh is the number of 0-group cod and saithe per haul. The
distance from shore covered by each haul (Dh2) was on average 25 m.
Video recordings from Porsangerfjorden show that 0-group juveniles
are distributed and have similar density from the shoreline and down to
a depth of approximately 15 m (Michaelsen, 2012). Assuming equal
density of 0-group fish in the depth range 0–15 m as in the depth range
0–3 m covered by the beach seine, the density of 0-group cod and saithe
per m shoreline in the depth range 0–15 m was:
=N N D /Dj0–15 j0–3 0–15 h2 (7)
2.5.2. Estimation of mortality rate and sensitivity analysis
The total instantaneous predation mortality rate from shorthorn
sculpin predation on 0-group cod and saithe on a daily (Zd, day−1) and
monthly (Zm, month−1) basis was calculated as:
=Z ln(1 n /N )d p0–15 j0–15 (8)
=Z Z 30m d (9)
The monthly mortality (M, %) was calculated as:
=M 100 (1 exp( Z ))m (10)
To study how a change in the input variables Nh, q, CPUEs, MSC and
A50 affected the output value of Zm, a sensitivity analysis was performed
for each year. Baseline values of the input variables were set as the
point estimates calculated from the samples of Nh, CPUEs, MSC and
from the mark-recapture (q) and digestion rate model (A50). Then the
baseline values of the input variables were changed one at a time by
+20 and − 20% and the effects on Zm were calculated using Eqs.
(2)–(9).
2.5.3. Assessment of predation mortality rate from cod and saithe
Cod and saithe have much higher movement rates and move over
large areas than shorthorn sculpin (Espeland et al., 2007; Ivanova et al.,
2018). Thus, it was not possible to estimate the effective catching area
of the gill-nets (q) for cod and saithe using the same mark-recapture
method as for shorthorn-sculpin. We searched literature for plausible
values for effective catching areas for similar species as cod and saithe
as well as for literature data on digestion rates of cod and saithe. The
values for q and A50 and values for CPUE in gill-nets and mean stomach
content for cod and saithe from this study were used to calculate likely
values for predation mortality from cod and saithe using the framework
outlined in Fig. 2.
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2.6. Monte Carlo procedure for assessing uncertainty
Uncertainty in predation mortality from shorthorn sculpin on 0-
group cod and saithe was assessed using a Monte Carlo simulation
procedure (MC). In the MC, uncertainty in the output value (Zm, pre-
dation mortality rate) was estimated by bootstrapping 1000 samples
resampled from data and distributions for input variables following the
description in Table 2. Values for Nsar and A50 were output from sta-
tistical estimation models and were the only variables where a log-
normal distribution were used. For all other variables, the empirical
distributions from the bootstrapping procedure were used (Table 2).
Sculpin gill net data and stomach data were firstly bootstrapped from
six locations within week and an average for the three weeks were
calculated. Beach seine hauls were firstly bootstrapped from the du-
plicate hauls within location and then from the four locations.
Output variables were calculated according to the procedure out-
lined in Fig. 2. Confidence intervals (95%) for output estimates were
calculated as the lower 2.5% and upper 97.5% percentiles of the 1000
bootstrap samples (Haddon, 2001). The MC was run separately for each
year.
An empirical P-value test was applied to test if the average number
of juvenile cod and saithe per sculpin stomach (MSC, y-variable) in-
creased significantly with increasing number of saithe and cod juveniles
per beach seine haul (Nh, x-variable) for the period 2013–2015. In this
test, each bootstrap sample consisted of one bootstrap sample with
average MSC and Nh values for each year. A total of 1000 bootstrap
samples were used. The slope (b in linear regression equation;
MSC = a + b*Nh) for each bootstrap sample of MSC and Nh for the
years 2013, 2014 and 2015 was calculated and it was also calculated if
the 97.5% and 2.5% percentiles of the frequency distribution of the
slope included zero (no significance) or not (significance). Empirical P-
values were also used to test if average CPUEs, MSC and Nh from the
Monte Carlo simulations were equal for all years. The P-value was
calculated as: P = (r + 1)/(n + 1) where r is the number of replicates
the value from a year is larger than or equal to the value from another
year and n is the number (n = 1000) of Monte Carlo simulations
(bootstrap replicates) (North et al., 2003).
3. Results
3.1. Gill net samples and diet compositions
Shorthorn sculpin (n = 444), saithe (n = 385) and cod (n = 98)
were the most abundant fish species caught during the 54 net deploy-
ments in the years 2013, 2014 and 2015. In addition, smaller numbers
of Norway redfish (Sebastes viviparous) (n = 8), European flounder
(Platichthys flesus) (n = 11), rock gunnel (Pholis gunnellus) (n = 5),
Atlantic halibut (Hippoglossus hippoglossus) (n = 2), haddock
(Melanogrammus aeglefinus) (n = 1), plaice (Pleuronectes platessa)
(n = 1) and sandeel (Ammodytes sp.) (n = 1) were caught. Some in-
vertebrates were also caught: whelk (Buccinum undatum) (n= 230), sea
urchins (Strongylocentrotus droebachiensis) (n = 199), Arctic lyre crab
(Hyas coarctatus) (n = 109), red king crab (Paralithodes camtschaticus)
(n = 48), and hermit crab (Paguridae) (n = 10).
Shorthorn sculpin, cod and saithe were the only species with fish
prey in their stomachs. Saithe and cod 0-group occurred in the sto-
machs of gill net-caught shorthorn sculpin (FO = 10%), cod (FO = 9%)
and saithe (FO = 0.8%). The smallest shorthorn sculpin predating on 0-
group cod and saithe was 15.0 cm long, while the corresponding sizes
for cod and saithe were 24.5 and 25.1 cm respectively (Fig. 3).
The gill net-sampled sculpins were mainly in the range 10–30 cm
with an average length of 20.1 cm (SD = 4.5) (Fig. 3). Sculpins shorter
than 25.1 cm (n= 390) had much higher FO for 0-group cod and saithe
(12%) than sculpins longer than 25.1 cm (n = 54), which had no oc-
currence of 0-group gadoids in their stomachs (�2 = 5.98, df = 1,
p = .015). In the longer shorthorn sculpins, Brachyura/Anomura had a
Table 2
Overview of variables and the resampling procedure in the Monte Carlo simulation procedure.
Variable Monte Carlo resampling
Nsar random resampling from lognormal distribution for 95% confidence intervals
CPUEar resampling CPUEar from three gill net sets per mark-recapture area
q resampling q for two mark-recapture areas, calculate average
CPUEs resampling CPUEs from six locations within week and calculate average for three weeks of sampling
MSC resampling MSC from the same six locations as for CPUEswithin each week and calculate average for three weeks of sampling
A50 resampling from temperature-adjusted lognormal distribution of time for 50% probability of recognition
Nh Resampling Nh from two hauls within each location and resampling average from the four locations within year
Fig. 3. Length-frequency distributions of predators on 0-group cod and saithe.
A) shorthorn sculpin, B) cod and C) saithe. Predators with 0-group cod or saithe
in their stomachs have black bars and those without have white bars.
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higher occurrence (FO = 42%) than in sculpins shorter than 25.1 cm
(FO = 19%) (�2 = 8.05, df = 1, p = .005). Rock gunnel had a similar
FO, of 6 and 8% respectively, in the long and short groups of sculpins
(�2 = 0.02, df = 1, p = .88). The sculpins cannibalized were small
(< 4.2 cm in length) and the FO of cannibalism was on average 1.1%.
The average number of 0-group cod and saithe per sculpin stomach
was higher in 2013 and 2015 than in 2014 (Table 3). 0-group cod and
saithe occurred in only 6% of the sculpin stomachs in 2014, while the
corresponding number in 2015 was 14%. For cod, shrimp had a higher
FO (37 vs. 8%) in 2015 than in 2014 (Fig. 4), but the difference was not
significant (�2 = 1.81, df = 1, p = .18). Correspondingly, for saithe,
sandeel had a higher FO (37 vs. 29%) in 2015 than in 2014 (Fig. 4) but
this was not significant either (�2 = 0.72, df = 1, p = .40). Saithe
stomachs typically contained 5–12 sandeels and their stomachs were
distended (SM2). In contrast, cod stomachs with sandeel usually con-
tained only one, and appeared almost empty. Sandeels from saithe
stomachs had individual weights of about 0.8 g, and although sandeels
were an important item in the diet of saithe, they had a low FO in cod
and sculpin stomachs (Fig. 4). Anomura/Brachyura (“crabs”) had an FO
of 20 and 26% in sculpins in 2014 and 2015. The proportion of empty
stomachs in sculpins was significantly higher (42 vs. 28%) in 2014 than
in 2015 (�2 = 5.68, df = 1, p = .017).
The average catch of sculpins per gill net per day was similar in
2013 and 2014, but was significantly lower in 2015 than in 2013 and
2014 (Fig. 5, Table 3). Only one of 54 gill-nets did not catch shorthorn
sculpin (Table SM3, SM4 & SM5).
Table 3
Empirical P-values for two-sided tests for equality of average values from Monte
Carlo simulation for pairs of years for the following variables: CPUEs, average
catch of sculpins per gill net per day; MSC, mean number of 0-group per sculpin
stomach; Nh, average number of 0-group cod and saithe per beach seine haul,
and Zm, predation mortality rate from shorthorn sculpins. P-values that are
below α = 0.025 are underlined. The year with the highest value in the pair-
wise tests is shown in brackets.
Variable 2013 vs. 2014 2013 vs. 2015 2014 vs. 2015
CPUEs 0.25 0.032 (2013) 0.010 (2014)
MSC 0.008 (2013) 0.69 0.006 (2015)
Nh 0.002 (2013) 0.54 0.026 (2015)
Zm 0.44 0.64 0.25
Fig. 4. Frequency of occurrence of various prey categories in Atlantic cod, saithe and shorthorn sculpin in 2014 and 2015. 0-group cod and saithe are included in the
“fish” category, while sandeel is shown separately because it was such an important prey item in saithe.
Fig. 5. Average number of sculpins per gill net from 6 locations sampled 3
times each year. Error bars show bootstrapped 95% confidence intervals.
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3.2. Catching area from mark-recapture experiments (data set B)
The population estimates for shorthorn sculpins within the mark-
recapture areas in M1 (Holmfjord) and area M2 (Reinøy) were 972 and
472 individuals respectively (Table 4). The effective catching area (q) of
the Nordic gill nets was estimated from the mark-recapture experiment
in 2016 as 224 and 167 m2 for M1 and M2 respectively, and the pooled
average value for q was 196 m2 (95% CI; 115, 328).
3.3. Digestion rate and prey recognition experiments
Digestion rates of shorthorn sculpin fed 0-group saithe were very
similar in the two experiments conducted at temperatures of 3 and
5.4 °C (Fig. 6).
At 24 h after ingestion all preys were recognizable as 0-group ga-
doids. At 48 h, three of four prey were recognizable. At 72 h one of four
and at 96 h no prey were recognizable (Table SM6). The time for 50%
probability of prey recognition (A50) in digestion rate Experiment 2 was
estimated at 48.6 h (95% CI: 29.5, 75.1 h). The temperatures measured
in the field were 8.8, 9.3 and 9.0 °C in 2013, 2014 and 2015, respec-
tively. Adjusted for differences in temperature between the experiments
(average of 4.2 °C in Experiment 1 and 2) and field sampling using the
assumed Q10 of 2.18, the values for A50 became 34.0 h (95%CI: 20.6,
52.5), 32.7 h (95%CI: 19.8, 50.5) and 33.4 h (95%CI: 20.6, 52.5) for
2013, 2014 and 2015 respectively.
3.4. Abundance of cod and saithe juveniles, functional response and
predation mortality
The average number of 0-group cod and saithe per beach seine haul
was similar in 2013 and 2015 but was significantly lower in 2014 than
in 2013 and 2015 (Fig. 7, Table 3, SM7 & SM8). A total of 15 sculpins
were caught by a total of 24 beach seine hauls (Table SM8). All sculpins
caught by beach seine were less than 13 cm long.
The average number of juvenile cod and saithe per sculpin stomach
(MSC, y-variable) increased significantly (slope > 0, bootstrap test,
p = .016) with increasing number of saithe and cod juveniles per haul
(Nh, x-variable) (Fig. 7).
The estimated average predation mortality rates of 0-group cod and
saithe (Zm) from shorthorn sculpins was 0.54, 1.14 and 0.40 month−1
in 2013, 2104 and 2015, respectively. Zm did not differ significantly
between years (Table 3), and the pooled estimate was 0.70 month−1
(95%CI: 0.30, 1.73) (Fig. 8). This corresponds to a monthly mortality of
50% month−1 (95%CI: 26%, 82%). For all years, the output Zm from
the Monte Carlo simulations had relatively high absolute correlation
(rs) values ranging from 0.31 to 0.67 to the abundance of 0-group ju-
veniles estimated from beach seine hauls (Nh), catching area of gill nets
(q), average number of 0-group fish per sculpin stomach (MSC) and
prey recognition times (A50) (Table 5). Zm were less correlated
(rs < 0.24) with sculpin gill net CPUE (CPUEs) (Table 5).
The sensitivity analysis on effects of changes in input variables on
Zm resulted in very similar patterns all three years (Table SM9). A 20%
increase in q, A50 and Nh resulted in a 17% decrease in Zm from sculpins
on 0-group cod and saithe. A 20% decrease in the same input variables
resulted in a 25% increase in Zm. A 20% increase in CPUEs and MSC
gave 20% increase in Zm and a 20% decrease in the same variables gave
a 20% decrease in Zm. Cancellation of the temperature adjustment of
time for 50% prey recognition (A50) resulted in a 30–33% decrease in
Zm (Table SM9).
Calculation of possible predation mortality rates from cod and
saithe on 0-group cod and saithe were done for plausible values of ef-
fective catching area for the gill-nets (q) ranging from 141 to 605 m2
(Table SM10). This resulted in ranges of monthly mortality values from
cod and saithe predation for the years 2013–2015 corresponding to
4–36% and 0–17% of the mortality from shorthorn sculpin predation,
respectively (Table SM10). The lowest assumed q of 141 m2 resulted in
the largest predation mortalities from cod and saithe, but the sum of
Table 4
Overview of estimates of population size (Nsar) of shorthorn sculpin within the mark-recapture areas in 2016, area, density (Nsm), average catch per gill net night the
first sampling day (CPUEar) and effective catching area (q, m2) of the NORDIC gill nets. 95% confidence intervals for Nsar are given in brackets.
Mark-recapture area Nsar (95% CI) Area (m2) Nsm (ind. m−2) CPUEar (SD) q (m2)
M1 (Holmfjord 972 (564, 1677) 32,616 0.0298 6.67 (6.66) 224
M2 (Reinøy) 472 (254, 876) 9113 0.0518 8.67 (1.53) 167
Fig. 6. Shorthorn sculpin digestion rate. Proportion of 0-group saithe prey
weight (grams left in % of the initial weight of prey) retained at 5.4 °C
(Experiment 1, black diamonds) and 3.0 °C (Experiment 2, white circles).
Regression lines are superimposed on each other. Data points for Experiment 2
at 24, 48, and 64 h are displaced one hour to the right to show error bars. At
3 °C the last sampling was after 96 h, and at 5.4 °C the first sampling was after
12 h. Other sampling times were identical. Error bars show range of data.
Fig. 7. Average number of 0-group cod and saithe juveniles per sculpin stomach
plotted against average number of 0-group saithe and cod juveniles per beach
seine haul in Porsangerfjorden for the years 2013, 2014 and 2015. Error bars
show bootstrapped 95% confidence intervals.
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predation mortality from cod and saithe each year always amounted to
less than 47% of the mortality from sculpin predation.
4. Discussion
4.1. Main findings
The high occurrence of 0-group cod and saithe in the stomachs of
shorthorn sculpin, and the high number of shorthorn sculpins caught
per gill net relative to saithe and cod, suggest that predation from
shorthorn sculpins may be very important. Each predatory fish species
had different alternative prey to 0-group gadoids: shrimps for cod;
sandeels for saithe; and Brachura/Anomura for shorthorn sculpin. The
between-year patterns in mean number of 0-group fish per sculpin
stomach and number of 0-group fish per beach seine haul were similar.
The abundance of 0-group gadoids was lowest and the predation mor-
tality rate was highest in 2014, suggesting an inverse pattern between
0-group gadoids abundance and predation mortality rates from scul-
pins.
4.2. Comparison of predator diets and alternative prey
In this study, the frequencies of occurrence of 0-group cod and
saithe per predator stomach were similar in shorthorn sculpin and cod,
and they were relatively high (FO approximately 6–14%) compared to
the occurrence of small cod juveniles (FO < 2%) in the stomachs of
northeast Arctic cod in the Barents Sea (Bogstad et al., 1994) and in
Norwegian Coastal cod (FO approximately 2.5%) (Pedersen and Pope,
2003). Capelin is an important prey source for cod in the Barents Sea
and Yaragina et al. (2009) showed that the FO of cod prey in the sto-
machs of large cod from the Barents Sea may reach approximately 12%
in periods with low capelin abundance. This suggests that in this study,
the per capita consumption of bottom-settled 0-group cod and saithe by
shorthorn sculpin was relatively high and comparable to periods of high
cannibalism in northeast Arctic cod. Thus, recovery of Norwegian
Coastal cod may be slowed by low abundance of alternative prey and
high predation mortality on newly settled 0-group cod relative to other
nurseries.
The frequent occurrence of Anomura/Brachyura in the diet of the
largest shorthorn sculpins suggests that they are alternative prey for
shorthorn sculpin. The Arctic lyre crab (Hyas coarctatus) is native
(Nilsen et al., 2006) and the red king crab (Paralithodes camtschaticus) is
introduced (Jørgensen and Primicerio, 2007) to the fjord systems in
northern Norway. The Anomura/Brachyura prey group comprises sev-
eral species and age-groups and is likely to be a stable prey source. For
predatory cod, shrimps, amphipods and isopods were alternative prey
to 0-group gadoid juveniles. For saithe, sandeels were an important
alternative prey with a high FO. In the Tanafjord estuary in northern
Norway, sandeels were very abundant and seemed to saturate a number
of predators including piscivorous birds, saithe, cod and other fish
species (Svenning et al., 2005). Our study suggests that sandeels had a
less dominant role as alternative prey for cod and saithe in Porsan-
gerfjorden. The pelagic feeding habits and high schooling tendency of
predatory saithe suggest that they may aggregate on abundant prey and
may have a larger predatory potential on pelagic 0-group juveniles
before and during settlement than after settlement. In support of this, a
relatively high FO (approximately 20%) of gadoid juvenile prey was
found in stomachs of 20–40 cm long saithe in June and August in
northern Norway (Aas, 2007). That the main predators had different
alternative prey mean that it is likely that at least some predator po-
pulations will be able to sustain a relative high abundance if 0-group
gadoid prey are not abundant.
4.3. Uncertainty in predation mortality estimation
The mortality modelling relied on the assumptions that sculpins and
0-group cod and saithe were evenly distributed across the 0–15 m depth
range. In support of this, underwater video recordings from
Porsangerfjorden indicated that the density of 0-group gadoids was si-
milar at depths ranging from 0 to 15 m (Michaelsen, 2012). The low
number of shorthorn sculpins caught by beach seine was most likely
due to the low density of shorthorn sculpins during daytime in the
0–3 m depth range covered by beach-seine. Shorthorn sculpins are
known to have pronounced diel movements from deeper to very
shallow water at night (Gibson et al., 1998; Methven et al., 2001; Pihl
and Wennhage, 2002), and this could explain the low catch rates of
sculpins in beach seine hauls during the day.
The fact that shorthorn sculpins were the most frequent predator
caught by gill nets and that they had a relatively high frequency and
average number of 0-group cod and saithe in their stomachs, indicates
that they may be the most important fish predator on settled 0-group
cod and saithe. It was not possible to estimate the effective catching
area for cod and saithe using mark-recapture methods. However, cal-
culations with plausible literature based values for catching area for cod
and saithe resulted in predation mortality from cod and saithe that were
less than 47% of the predation mortality from shorthorn sculpin sup-
porting that predation from sculpins was more important than from cod
and saithe. In a tethering study with 0-group Atlantic cod as prey in
Canadian waters, the ratio of predatory cod/shorthorn sculpin pre-
dators captured on tether lines was ca. 4 while the ratio of abundance
from beach seine hauls of Atlantic cod/shorthorn sculpin predators in
the same study was ca. 3 (Linehan et al., 2001). Thus, both the tethering
Fig. 8. Average predation mortality rate (month−1) for cod and saithe juveniles
due to predation from shorthorn sculpins for the years 2013, 2014 and 2015.
Error bars show 95% confidence intervals estimated by Monte Carlo simulation.
White circle shows pooled estimate for 2013, 2014 and 2015. Note that the
maximum of the error bar in 2014 is 4.0 month−1.
Table 5
Correlation (Spearman rank correlation, rs) between predation mortality rate
(Zm, month−1) from shorthorn sculpin on 0-group cod and saithe and input
values (q, CPUEs, MSC, A50, Nh,) resulting from 1000 bootstrap replicates of the
Monte Carlo simulation; q, gill net effective catching area (m2); CPUEs, catch of
sculpins per gill net per day; MSC, mean number of 0-group per sculpin sto-
mach; A50, average time for 50% probability of prey recognition; Nh, average
number of 0-group cod and saithe per beach seine haul for four stations.
Year q CPUEs MSC A50 Nh
2013 −0.58 0.18 0.44 −0.49 −0.45
2014 −0.46 0.22 0.31 −0.37 −0.67
2015 −0.41 0.24 0.48 −0.34 −0.58
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study and our study suggest that the per capita predator efficiency of
cod and shorthorn sculpin on 0-group gadoids may be similar, but the
abundance of shorthorn sculpin abundance relative to predatory cod in
Porsangerfjorden is very high.
The linear gastric evacuation observed in our study was similar to
results from earlier experiments with shorthorn sculpin (Bagge, 1977),
but a square root model is more common (Temming and Herrmann,
2003). Bagge (1977) observed that at 14–15 °C and 8–10.4 °C, the times
taken for 50% of a meal to be retained were approximately 50 and 88 h
respectively. This is relatively long compared to the time of 50 h for
50% of prey retained in our experiment at 3.4 and 5 °C. The assumed
Q10 of 2.18 used to adjust prey recognition times to field conditions was
based on an experiment with whiting, but there is some uncertainty if
digestion rate of shorthorn sculpin has the same temperature response
as whiting. The effect of the temperature adjustment on Zm is quite
large as cancellation of the temperature adjustment gave ca 30–33%
lower predation mortalities. The use of frozen prey in the digestion
experiment may have biased the A50 towards a lower value since
frozen prey are digested faster than fresh prey (Jackson et al., 1987).
The estimated predation mortality due to sculpin predation de-
pended on several input variables with associated uncertainties. The
sensitivity analysis revealed that a +/− 20% change in each input
variable had an effect of similar magnitude on Zm. The fact that 0-group
abundance (Nh), gill net catching area (q), mean number of 0-group per
sculpin stomach (MSC) and prey recognition time (A50) had similar,
relatively high correlations with the output predation mortality rate in
the Monte Carlo simulation suggests that uncertainties in these input
variables contributed most to the uncertainty in the predation mortality
rate. That sculpin catch per gillnet (CPUEs) had lower correlation with
Zm and contributed less to the uncertainty than the other variables is
due to the lower variability in CPUEs. Despite the uncertainties and the
relatively large confidence intervals of the predation mortality rate
estimates, the estimates were informative and comparable to mortality
estimates for other species during the post-settlement period (Table 6).
4.4. Functional response and predation synergies
Predation mortality rate from shorthorn sculpin did not differ sig-
nificantly between years, but the number of 0-group fish per sculpin
stomach appeared to increase linearly with increasing abundance of 0-
group prey resembling a type I functional response (linear relationship)
or the lower parts (low prey abundance) of type II and III responses
(curved relationships) (Holling, 1959). This suggests that shorthorn
sculpins were not saturated by 0-group gadoid prey. Given the observed
FO of 6–14% for 0-group cod and saithe in shorthorn sculpin stomachs
and the relatively high frequency of empty stomachs and relatively slow
digestion rate, it is likely that the density of 0-group prey was too low to
saturate the sculpins.
Laboratory experiments suggest that the presence of both predatory
cod and shorthorn sculpin may contribute to synergistic and increased
predation on gadoid juveniles compared to when a single type of pre-
dator is present (Strand et al., 2020). Synergistic predation by cruising
transient midwater predatory fish and reef-resident predators resulted
in density-dependent mortality amongst juvenile fish in a coral reef in
the post-settlement period (Hixon and Carr, 1997). Mortality in the
absence of either of the two predator types was density-independent.
The predatory synergism was explained by a lack of prey refuges for the
juveniles when both types of predators were present. A density-de-
pendent pattern in mortality has also previously been suggested for
juvenile cod (Sundby et al., 1989; Myers and Cadigan, 1993). Since
mortality in the juvenile stage may be an important determining factor
for year class strength (Sissenweine, 1984; Laurel et al., 2017), identi-
fying the sources and magnitudes of those mortalities could be im-
portant for the management of stocks such as the Norwegian Coastal
cod.
4.5. Comparison of predation mortality from ambush and cruising predators
That the assessed predation mortality rates from Atlantic cod and
saithe on 0-group were less than 47% the predation mortality from
shorthorn sculpin is likely a result of the low abundance of predatory
cod and the low per capita predation from saithe compared to the high
abundance and high per capita predation of shorthorn sculpin in
Porsangerfjorden. In support of this, the cannibalism mortality amongst
0-group cod during autumn in a dense Coastal cod population in a fjord
in northern Norway (Pedersen and Pope, 2003) was estimated at ap-
proximately 0.18 month−1 (Table 6). This is much lower than the
average predation mortality rate from shorthorn sculpin on 0-group cod
and saithe (0.70 month−1) from shorthorn sculpin during 2013–2015
in our study which is close to the lower part of the range (ca. 0.9 to
2.5 month−1) for estimates of total mortality for newly-settled Atlantic
cod (Table 6). The sculpin predation mortality rate in our study is
within the range of approximately 0.2–1.6 month−1 for mortality es-
timates for other species of newly-settled juveniles of Pacific cod (Gadus
macrocephalus) and Walleye pollock (Gadus calcogrammus) (Laurel
et al., 2016), and also for plaice (Pleuronectes platessa) (Table 6).
The between-year variability in abundance of 0-group cod and
saithe and the predation mortality from sculpins in Porsangerfjord was
inversely related with lower abundance in 2014 than in 2013 and 2015
and higher but not significantly higher predation mortality from scul-
pins in 2014 (Zm = 1.14 month−1) than in 2013 and 2015 (Zm = 0.54
and 0.40 month−1, respectively). This suggest that between-year
variability in 0-group abundance was established already in late August
at the time of beach seine sampling and that the high post-settlement
sculpin predation mortality documented in this study sustained and
possibly increased between-year differences in abundance. The high
mortality rates after settlement in 0-group Atlantic cod seem to be
common and comparable to values for other boreal gadoids (Table 6).
However, higher predation mortality was observed from whiting
(Merlangius merlangius) wiping out a large aggregation of settled cod
juveniles in five days in the North Sea (Temming et al., 2007). In line
with this, very high predation mortality rates of more than 50% day−1
have been observed in tropical coral reef fish juveniles during the first
two days after settlement (Almany and Webster, 2006).
We conclude that the ambush predator shorthorn sculpin was an
important predator on 0-group cod and saithe in Porsangerfjorden. This
study also suggest that predation on newly settled juveniles may limit
Coastal Cod recovery.
Table 6
Overview of estimated instantaneous mortality rates (Z) of fish juveniles in the period following bottom settlement. 95% confidence intervals are shown in brackets.
Area and prey species Z (month−1) Comments Reference
Porsangerfjorden, Atlantic cod and saithe 2013–2015 0.70 (0.30, 1.73) Mortality due to cottid predation, pooled value 2013–2015 This study
Atlantic. Cod, Sørfjord, Northern Norway 0.18 Cannibalism mortality from September to end of December Pedersen and Pope (2003)
Atlantic cod, Georges Bank 0.90–2.50 Total mortality rate, from mortality of 3–8% day−1 Lough (2010)
Pacific cod, Gadus macrocephalus, Gulf of Alaska 0.17–1.61 Total mortality rate Laurel et al. (2016)
Walleye Pollock, Gadus calcogrammus, Gulf of Alaska 0.80–1.54 Total mortality rate Laurel et al. (2016)
Plaice, Europe 0.60 Average for many studies Beverton and Iles (1992)
Plaice, Sweden 1.19 For 1991 and 1992 Modin and Pihl (1994)
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